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(71) We, WESTINGHOUSE ELEC- 
TRIC CORPORATION, of Westinghouse 
Building, Gateway Center, Pittsburgh, 
Pennsylvania, United States of America, a 
5 company organised and existing under the 
laws of the Commonwealth of Pennsylvania, 
United States of America, do hereby declare 
the invention, for which we pray that a patent 
may be granted to us, and the method by 

10 which it is to be performed, to be particularly 
described in and by the following statement: — 
This invention relates to semiconductor 
devices such as film and hybrid integrated 
circuits formed by an epitaxial silicon layer. 

15 An integrated circuit (IC) is a combination 
of interconnected circuit elements inseparably 
associated on or within a continuous substrate, 
the substrate being the supporting material 
upon which or within which an integrated 

20 circuit is fabricated or to which an integrated 
circuit is attached. An integrated circuit is 
generally fabricated within a chip of semi- 
conductor material, usually silicon, with the 
resistors, capacitors, diodes, transistors, etc. 

25 (as required) built into and/or on the chip. 
The semiconductor body is either single crystal 
material or single crystal islands in a poly- 
crystalline material, depending on the method 
for electrical isolation of the circuit com- 
> 30 ponents. 

I Epitaxial silicon layers are routinely de- 

posited on silicon substrates during the manu- 
facture of film and hybrid integrated circuits. 
The deposition of high quality single-crystal 

35 silicon on an insulator, however, places rigid 
demands on the insulator. The selection of 
spinel and sapphire as film substrates are 
natural choices because they provide lattice 
planes that are close matches to those of 

40 silicon. However, irrespective of the substrate, 
such epitaxial silicon layers have limited 
applications by reason of their minority 
carrier lifetimes. 


Silicon layers are epitaxially grown on 
sapphire substrates (silicon-on-sapphire) in 45 
the fabrication of high-speed integrated 
circuits. But such silicon layers are particu- 
larly limited in their applications by their very 
low minority carrier lifetimes (typically about 
10 nanoseconds). See Allison, Dumin, Hei- 50 
man, Mueller and Robinson, Proc. IEEE, 57 
1490 (1969). The application for such silicon 
layers has been mainly limited to enhance- 
ment-mode MOS transistors. However, even 
in this application the low minority carrier 55 
lifetime is deleterious to the electrical 
characteristics of the device. While the opera- 
tion of enhancement-mode MOS transistors is 
not dependent upon minority carriers, the 
minority carrier lifetime is important in that 60 
it determines the leakage current of the reverse 
biased drain PN junction. This leakage 
current is especially important in comple- 
mentary MOS transistor circuits, where the 
ultimate quiescent power dissipation is deter- 65 
mined by the leakage current of the drain- 
channel diode. The leakage current is inversely 
proportional to the minority carrier lifetime in 
the PN junction space-charge region. 

Epitaxially grown silicon layers on sub-' 70 
strates such as sapphire cannot be used in the 
making of bipolar transistors. Even though 
the base widths of such devices are usually 
very narrow, minority carrier lifetime is 
extremely important to the gain of bipolar 75 
transistors. Both hydrogen chloride (HC1) and 
chlorine (Cl 2 ) injection have been used during 
oxidation to raise the lifetime of such devices 
into the 40 — 50 nanosecond range. See, 
Robinson and Heiman, J. Electrochem. Soc. 80 
118, 141 (1971); and Ronen and Robinson, 
J. Electrochem. Soc. 119, 747 (1972). The 
mechanism responsible is believed to be a 
gettering action of metallic impurities through 
the formation of volatile metal chlorides. 85 
However, even 50 nanoseconds, which come- 
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sponds to a diffusion length of a few microns, 
is too low for the fabrication of bipolar 
transistors. 

Despite all this, the ability to isolate com- 
5 ponents formed with epitaxially grown silicon 
layers by using the insulating properties of 
the substrate and the lower capacitance 
associated with PN junctions formed in such 
layers make such layers extremely desirable in 

10 integrated circuit fabrication. Such films 
would be generally used in integrated circuits 
if minority carrier lifetimes in the micro- 
second range could be achieved. 
According to the present invention a method 

15 of making a semiconductor device having a 
region with a relatively long minority carrier 
lifetime comprises forming adjacent a major 
surface of a substrate a silicon layer heavily 
doped with an impurity of phosphorus or 

20 boron, the surface impurity concentration 
being greater than 1X10 1 ' atoms per cm 3 
and epitaxially growing on at least portions 
of the heavily doped silicon layer a silicon 
Jayer relatively lightly doped with an impurity 

25 concentration less than 1X10" atoms per 
cm 3 to form said region with a minority 
carrier lifetime of greater than 50 nano- 
seconds. 

Desirably, the heavily doped silicon layer 
30 has an impurity concentration greater than 
1X10" atoms per cm 3 . 

The heavily doped semiconductor layer may 
be formed in a single-crystal body of silicon 
or in an epitaxial layer of silicon grown on an 
35 insulator or semiconductor substrate. In the 
latter case, the silicon layer is preferably 
heavily doped by diffusion of the selected 
impurity into the already formed epitaxial 
layer. 

40 It is believed that the heavy doping with 
relatively small atoms contracts the lattice 
structure of the silicon and makes metals such 
as sodium, copper, silver and gold more 
soluble in the heavily doped silicon layer. 

45 Thus, when the lighdy doped silicon layer is 
epitaxially grown, the heavily doped layer acts 
as a getter to substantially reduce the concen- 
tration of metals, and possibly other lifetime 
killing impurities in the lightly doped layer. 

50 The invention is particularly useful in thin- 
film devices which are epitaxially grown on 
insulator substrates such as spinel (e.g. MgO: 
A1 2 0 3 ) or sapphire (Al 2 O s ). These substrates, 
and sapphire in particular, are noted for their 

55 low diffusion coefficients to heavy metals. 
This is in contrast to the diffusion coefficient 
of heavy metals in single-crystal bulk silicon. 
These insulators are therefore unable to re- 
duce by diffusion the lifetime killing impuri- 

60 ties introduced into thin epitaxially grown 
layers by use of known epitaxy techniques. By 
use of the present invention, the minority 
carrier lifetime in an active region of such 
devices can be increased at least one order of 

65 magnitude. 


Thin-film devices and particularly silicon- 
on-sapphire devices can be used in applica- 
tions heretofore unfeasible by use of the present 
invention. In such devices, the heavily doped 
silicon layer is preferably about 3 microns or 70 
less in thickness and the lighdy doped silicon 
layer is preferably greater than about 1 
micron. 

In order that the invention can be more 
clearly understood, convenient embodiments 75 
thereof will be described by way of example, 
with reference to the accompanying drawings 
in which: 

Figure 1 is a cross-sectional view in eleva- 
tion of a MOS capacitor of an integrated 80 
circuit made in accordance with the present 
invention; 

Figure 2 is a graph showing the C — V 
characteristics of a MOS capacitor similar to 
that shown in Figure 1; 85 

Figure 3 is a graph showing the impurity 
concentration in the lightly doped silicon 
layer of a MOS capacitor as shown in Figure 
1 as a function of distance from the interface 
with the silicon dioxide layer; 90 

Figure 4 is a graph showing the C-t 
response of a MOS capacitor as shown in 
Figure 1; 

Figure 5 is a graph showing a comparison 
of the minority carrier lifetimes of relatively 95 
lighdy doped epitaxial silicon layers made in 
accordance with the present invention and 
otherwise variously made; 

Figure 6 is a graph showing a comparison 
of the minority carrier lifetimes of relatively 100 
lighdy doped epitaxial silicon layers made in 
accordance with the present invention with 
other variously made epitaxial layers; 

Figure 7 is a graph showing the impurity 
concentration distribution of an epitaxial layer 105 
grown on a heavily doped silicon substrate; 

Figure 8 is a graph comparing at different 
growth temperatures, the increased reverse 
voltage breakdown of N doped silicon layers 
in hybrid integrated circuits made by use of 110 
the present invention and otherwise made; 

Figure 9 is a graph showing the impurity 
concentration distribution of a PN junction 
formed in accordance with the present inven- 
tion; 115 

Figure 10 is a cross-sectional view in eleva- 
tion of a power bipolar transistor made in 
accordance with the present invention; 

Figure 11 is a cross-sectional view in eleva- 
tion of an alternative bipolar transistor of an 120 
integrated circuit made in accordance with 
the present invention; 

Figure 12 is a cross-sectional view in eleva- 
tion of a second alternative bipolar transistor 
of an integrated circuit made in accordance 125 
with the present invention; 

Figure 13 is a graph showing the impurity 
concentration distribution of the active regions 
of a particular bipolar transistor similar to 
that shown in Figure 10; 130 
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Figure 14 is a graph showing gain as a 
function of current of the bipolar transistor 
whose impurity concentration distribution is 
shown in Figure 13; 
5 Figure 15 is a cross-sectional view in eleva- 
tion of a complementary MOS transistor 
circuit of a computer memory circuit made in 
accordance with the present invention; 

Figure 16 is a partial cross-sectional view 
10 in elevation of an alternative complementary 
MOS transistor circuit of a computer memory 
circuit made in accordance with the present 
invention; and 

Figure 17 is a cross-sectional view in eleva- 
15 tion of an image sensing target of a high 
resolution television camera; as schematically 
shown, made in accordance with the present 
invention. 

Referring to Figure 1, a series of MOS 
20 capacitors are shown in a thin-film integrated 
circuit. The capacitors are formed on insulator 
substrate 10 having major surface 11. The 
substrate may be a spinel such as magnesium 
aluminate having the formula MgOxAljO, 
25 where x can have values between about 0.64 
and 6.7. A single-crystal spinel magnesium 
aluminate is commercially available in which 
x equals approximately 3.3. However, sub- 
strate 10 is preferably sapphire (A1 2 0.,) 
30 wherein the major surface is mechanically 
polished in the (1102) crystallographic 
orientation. 

After appropriate treatment to remove 
damaged portions and to clean surface 11, 
35 silicon layer 12 is epitaxially grown on sur- 
face 11. Preferably layer 12 is deposited on 
the sapphire substrate by pyrolysis of mono- 
silane (SiH 4 ) in hydrogen carrier gas at be- 
tween 1025 and 1100° C. at a rate of about 2 
40 to 3 microns per minute. Layer 12 is prefer- 
ably of thickness between 2 and 3 microns. 

Phosphorus is then diffused into layer 12 
by standard constant-source, preferably open 
tube techniques. Preferably the diffusion 
45 source is phosphine (PH,). The layer 12 is 
thus heavily doped with phosphorus prefer- 
ably to a concentration of between 1X10 20 
and IX 10" atoms per cm 3 . 

Thereafter, a relatively lighdy doped N- 
50 silicon layer 13 is epitaxially grown on heavily 
doped layer 12 by standard techniques to form 
NN + junction 15 therewith. Preferably 
pyrolysis of monosilane in hydrogen carrier 
gas is again used at a temperature between 
55 1025° and 1100° C. The impurity source 
introduced into the system is preferably 
phosphine (PH.,) or arsine (AsH,). Again 
the epitaxy proceeds at about 2 to 3 microns 
per minute until layer 13 attains a thickness 
60 greater than 1 micron and preferably between 
2 and 3 microns. 

Layer 13 as epitaxially grown is a non- 
selective layer. The layer is then selectively 
masked by standard photolithographic 
65 techniques and selectively etched with a suit- 


able etchant such as potassium hydroxide 
(KOH) to form islands of layer 13 as shown 
in Figure 1. 

Silicon dioxide layer 14 is then deposited 
over the exposed surfaces of layers 12 and 13. 70 
Preferably the oxide layer is vapor deposited 
at about 750° C. to a thickness of about 2500 
Angstroms. 

Windows 16 are then opened in oxide layer 
14 by standard photolithographic and etching 75 
techniques to expose portions of layer 12. 
Metal contacts 17 and 18 are then simul- 
taneously formed to make ohmic contact with 
layer 12 and the MOS contact with layer 13, 
respectively. This can be accomplished by 80 
vapor depositing aluminium or some other 
suitable metal over the structure to close 
windows 16 and form a contiguous overlayer. 
*' Reverse " or " negative " photomasking and 
etching techniques are then used to remove 85 
the metal layer from everywhere but in and 
adjacent to the windows 16 and at the posi- 
tion desired for the MOS contact. The metal 
remaining in contact windows is then alloyed 
to the silicon of layer 12 by heating to form 90 
low resistance ohmic contacts. V„ refers to 
the voltage applied to the metal contacts 18. 

The result is a thin-film integrated circuit 
containing a series of MOS capacitors. 

Referring to Figures 2, 3 and 4, MOS 95 
capacitors similar to those just described were 
tested for impurity concentration distribution 
and minority carrier lifetime. 

The silicon-on-sapphire layers of the devices 
tested were grown in a horizontal reactor JOO 
heated by an external RF induction coil. The 
graphite susceptor was cleaned and coated with 
pure silicon at about 1500° C. prior to the 
epitaxial growth of each of layers 12 and 13. 
The sapphire substrates 10 were mechanically 105 
polished to provide surfaces 11 with a (1102) 
crystallographic orientation. Damage effects 
were removed from surfaces 11 by heat treat- 
ing some substrates at about 1475° C. for 4 
hours in air. Some substrates were not heat 110 
treated. The substrates were then cleaned 
prior to loading into the reactor by degreasing 
by boiling in H 2 S0 4 — HNO„ mixture and 
then chelating in H 2 0,— H 2 S0 4 . 

The MOS capacitors used in testing were 115 
otherwise made as above described in connec- 
tion with Figure 1, except for the contacts 18 
and 17. The contacts were formed direcdy by 
selective evaporation through a metal mask 
overlaying the structure. The device was then 120 
annealed in hydrogen at 400° C. for one hour 
to eliminate surface states so that lifetime 
measurement could be more easily accom- 
plished. 

The doping profiles were measured by the 125 
spreading resistance and pulsed MOS capacitor 
techniques, see Mazur and Dickey, J. Electro- 
chem. Soc. 113, 255 (1966) and van Gelder 
and Nicollian, J. Electrochem. Soc. 118, 138 
(1971). The minority carrier lifetimes were 130 
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measured by the pulsed MOS capacitor 
method in which the device is pulse biased 
into deep depletion and then relaxed to its 
quasi-cquilibrium state, see Schroder and 
5 Guldbcrg, Solid-State Electronics, 14, 1285 
(1971), 

In Figure 2, the C — V characteristic of the 
MOS capacitor is shown. The C — V measure- 
ments were done at 77° K. so that the curve 

10 of doping versus depth could be conveniendy 
plotted. This was done after it was verified 
on a bulk-silicon MOS capacitor that the 
doping versus depth curve obtained from 300° 
K. C — V data was identical to that obtained 

15 from 77° K. data. From the C — V curve the 


doping profile can be calculated and plotted 
as shown in Figure 3. A is an equilibrium 
and B is a non-equilibrium C — V curve. 

A typical C-t response for the N-layer 13 
with a minority carrier lifetime of 2.5 micro- 20 
seconds is shown in Figure 4, in which C/C,, x 
represents the ratio of capacitance (C) and 
oxide capacitance (C l)x ). More meaningful 
results are shown in Table I below where the 
structure, growth temperature, growth rate, 25 
impurity concentration and minority carrier 
lifetime are tabulated for MOS capacitors 
embodying both the invention and the prior 
art. 


TABLE I 

Impurily Minority Carrier 


Run No. 

Structure 

Growth 
Temp. (''C.) 

Growth 
Rate 
(,/ini, min) 

Concentration 
(N 0 ) 
(cm") 

Lifetime 
(/isec) 

1 

✓ 

N layer- 
on-sapphire 

1050 

0.7 

7 • 10" 

0.020 

-> 

N layer- 
on-sapphire 

1025 

2.3 

1 x 10 16 

0.045 

3 

N layer- 
on-N+ layer- 
on-sapphire 

1025 

2.3 

1 x 10 16 

0.25 

4 

N layer- 
on-N+ layer- 
on-sapphire 

1025 

2.3 

4 x 10" 

1.5 


From Table I, it is readily seen that the 
present invention increases the minority carrier 
lifetime of silicon-on-sapphire devices at least 
one order of magnitude. Run Nos. 1 and 2 

35 show typical minority carrier lifetimes as re- 
ported in the prior art of 20 and 45 nano- 
seconds, respectively. By contrast, by use of 
the present invention in Run Nos. 3 and 4, 
where a silicon layer doped with phosphorus 

40 is interposed between the arsenic doped silicon 
layer and the sapphire substrate, minority 
carrier lifetimes of 250 and 1500 nanoseconds 
respectively were measured. 

In other similar tests, minority carrier life- 

45 times as high as 3 microseconds (3000 nano- 
seconds) were measured in the arsenic doped 
silicon layer utilizing the present invention. 

Similar devices were made to illustrate the 
utility of the invention for making semi- 

50 conductor devices in hybrid integrated 
circuits. The results of these tests are shown 
in Figures 5 through 9. 

Single-crystal N-type silicon substrates 
were made by the float zone and Czochralski 

55 techniques. The substrates were either: (i) 


heavily doped with phosphorus to 1X10*" 
atoms per cm 3 (0.0009 ohm-cm resistivity), 

(ii) lighdy doped with phosphorus to 5X10 M 
atoms per cm 3 (10 ohm-cm resistivity), or 

(iii) heavily doped with antimony to 7X10'" 60 
atoms per cm 3 (0.008 ohm-cm resistivity). 
The substrates were mechanically and chemi- 
cally processed so that a major surface of each 

was crystallographically oriented 2° off from 

the (111) crystal plane. 65 

Each substrate and particularly said major 
surface thereof was cleaned by degreasing in 
acetone and trichloroethylene and followed by 
boiling in sulfuric-nitric acid (H 2 SO,: 
HN0 3 :3:1). Some of the substrates were then 70 
chelated using ethylenediaminetetraacetic 
acid (EDTA), a complexing agent for re- 
moving metal ions from the substrate surfaces. 
After degreasing, boiling and chelating (if 
used), each substrate was extensively rinsed 75 
in Super-Q water, i.e. continuously recycled 
deionized water. 

Following an in situ hydrogen chloride etch, 
either (i) N or P or (ii) N and P doped 
silicon layers were then epitaxially grown on 80 
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the major surface of the silicon substrates at 
different temperatures, i.e. 1100°, 1150° and 
1250° C. Epitaxial growth was performed in 
a horizontal reactor with external RF induc- 
5 tion heaters. The graphite susceptor was 
cleaned and coated with silicon prior to each 
run. Silicon was deposited from silicon tetra- 
chloride (SiCl 4 ) in hydrogen carrier gas. The 
hydrogen was palladium (Pd) purified, and 

10 all materials were of ultra-pure grade. The 
impurity was introduced into the system as 
either arsine (AsH,) or diborane (B 2 H,,) gas 
to provide an impurity concentration in the 
lighdy doped layer of about 1 to 2X10 15 

15 atoms per cm 3 . The epitaxial growth was con- 
tinued at a rate of about 1 micron per minute 
until the layer attained a thickness of about 
30 microns. 

The epitaxial layers were measured for 

20 minority carrier lifetime and PN junctions 
formed in and by the epitaxial layers were 
measured for current-voltage characteristics. 
These PN junctions were of three types, (i) 
shallow diffused junctions into the epitaxial 

25 layers (boron diffusion into N doped epitaxial 
layers); (ii) substrate-epitaxial junctions 
(only used for boron-doped epitaxial layers 
on N-doped substrates); (iii) epitaxial-epi- 
taxial junctions formed by growing a layer of 

30 opposite type conductivity on a first epi- 
taxially grown layer. For the junction measure- 
ments, particular emphasis was placed on the 
reverse breakdown voltage of the junctions. 
The minority carrier lifetime measurements 

35 for the N-doped epitaxial layers on N-doped 
substrates are shown in Figure 5. Each point 
shown is an average of ten ( 10) measurements 
with different devices. The effect of the 
variation in cleaning procedure is shown by 

40 comparing the measured lifetimes at 1150° C. 
for the three different structures. The struc- 
tures wherein the substrate was chelated before 
epitaxial growth had significandy higher life- 
times. It is believed that this demonstrates 

45 the heavy metal complexing property of the 
chelating agent. 

The increase in minority carrier lifetime 
with the present invention is clearly observed 
in Figure 5. Irrespective of the growth tem- 

50 perature, the lifetime was consistently greater 
for N-doped epitaxial silicon layers on heavily 
phosphorus doped silicon substrates. Minority 
carrier lifetimes as high as 200 microseconds 
were recorded at a growth temperature of 

55 1100° C. utilizing the present invention. 

It is also observed from Figure 5 that the 
minority carrier lifetime increases with de- 
creases in growth temperature. It is believed 
that this is caused by a reduction in the 

60 quantity of heavy metals introduced into the 
epitaxy system at the lower temperature. 

Referring to Figure 6, the minority carrier 
lifetime measurements for P-doped epitaxial 
silicon layers on N-doped silicon substrates 

65 are shown. Each point shown is again an 


average of ten (10) measurements with 
different devices. Having found with N-doped 
epitaxial silicon layers that chelating had a 
significant effect on the lifetime, all substrates 
were chelated prior to P-epitaxial growth. The 70 
results were virtually identical with the 
observations with N-epitaxial growth. Con- 
sistendy higher minority carrier lifetimes were 
recorded utilizing heavily phosphorus doped 
silicon as a base for the cpitaxially grown 75 
layer, with the best results achieved at lower 
growth temperatures. 

However, in contrast to the results of 
gettering tests done with N-doped epitaxial 
silicon layers and not shown in Fig. 5, sub- 60 
sequent gettering of the boron doped epitaxial 
silicon layers in a two-zone P 2 0... furnace with 
the getter source at 250° C. and the silicon 
substrates at 950° C. (in an argon atmosphere 
for 45 minutes) improved the lifetimes 85 
significandy. For example, at 1100° C. growth 
temperature, such gettering procedure increased 
the lifetime by a factor of typically 100 as 
shown by Figure 6. Similar effects were 
measured at the other deposition tempera- 90 
tures, but for those temperatures only the 
minority carrier lifetimes after gettering are 
shown in Figure 6. By contrast, this gettering 
treatment had essentially no effect on the life- 
times in the N doped epitaxial silicon layers. 95 
The difference is believed to be due to a 
difference in heavy metal impurities intro- 
duced into the system with the use of the 
diborane dopant source. 

Referring to Figure 7, a typical impurity 100 
concentration profile of the tested N doped 
silicon layers on heavily phosphorus-doped 
silicon substrates is shown. The layer thick- 
ness was around 30 microns and the doping 
varied between 5X10 M to 2X10 1S atoms per 105 
cm 3 , ensuring bulk and not punch-through 
breakdown for all but the lowest impurity con- 
centrations. 

The diodes were formed by either a shallow 
boron diffusion into the epitaxial silicon layer 110 
or growing a P-doped epitaxial silicon layer 
on the N-doped epitaxial silicon layer. 40 mil 
diameter mesa diodes were then produced by 
selective etching and subsequendy passivated 
by deposition of an oxide layer as shown in 115 
the insert of Figure 8. The results of voltage 
breakdown measurements are shown in Figure 
8 and Tables II and III below. The ratio of 
measured breakdown to the theoretical bulk 
breakdown values (corresponding to the layer 120 
doping) is plotted as a function of the deposi- 
tion temperature. The open points refer to 
diffused diodes and the solid ones to epitaxial- 
epitaxial diodes. The numbers beside the 
points are the theoretical breakdown voltages, 125 
with the starred quantities indicating that the 
breakdown is determined by punch-through of 
the space-charge region to the N+ doped sub- 
strate. 

The processing and growth conditions as 130 
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the application of the invention in making 
complementary MOS transistors for computer 
memory circuits. And Figure 17 shows the 
utility of the invention in making high resolu- 
5 tion sensing targets for television camera tubes. 
Referring to Figure 10, a power bipolar 
NPN transistor is made in a mesa configura- 
tion. A single-crystal silicon body 20 is pro- 
vided having a phosphorus impurity concentra- 

10 tion of about 1X10 2 ° atoms per cm 3 . Body 
20 is mechanically and chemically polished 
to provide major surface 21 with a crystallo- 
graphic orientation 2° off from the (111) 
crystal plane. 

15 Relatively lightly N-doped silicon layer 22 
is epitaxially grown on major surface 21 to 
form a non-localized layer of a depth of about 
17 microns and an NN + junction 23 with 
body 20. Preferably silicon layer 22 is grown 

20 by deposition from a silicon tetrachloride in 
hydrogen carrier gas by standard techniques. 
Layer 22 is doped to about 8X10" atoms per 
cm 3 with N-type impurity by introducing 
arsine (AsH 3 ) gas to the epitaxial system. 

25 Thereafter, moderately P-doped silicon 
layer 24 is epitaxially grown on layer 22 to 
form a non-localized layer of a depth of about 
8 microns. Preferably the same deposition 
system is used which was used to epitaxially 

30 grow layer 22. Layer 24 is doped to about 
IX 10" atoms per cm 3 with P-type impurity 
by introducing diborane (BjH,,) gas to the 
epitaxial system. 

Layers 22 and 24 are then formed in islands 

35 as shown in Figure 10 by selective etching. 
The surface of the epitaxially grown layers is 
selectively masked by a standard photolitho- 
graphical technique exposing surfaces of the 
epitaxial layers which are to be removed. The 

40 exposed surfaces are then etched through 
windows in the masking layer with a suitable 
etchant such as potassium hydroxide (KOH) 
to selectively remove portions of layers 22 and 

24 and pan of substrate 20 leaving the islands 
45 as shown in Figure 10. Thereafter, the mask- 
ing layer is removed. 

Oxide layer 25 is then formed over the ex- 
posed surfaces of the structure to a depth of 
about 2500 Angstroms. Preferably layer 25 is 
50 formed by vapor depositing silicon dioxide 
over the exposed surface in a nitrogen 
atmosphere at about 700° C. 

Windows 26 are then opened in oxide layer 

25 to form the emitter regions 27 of the 
55 transistor by standard photolithographic and 

diffusion techniques. Preferably, a constant- 
diffusion source of phosphine gas is diffused 
using an open-tube system. The diffusion is 
preferably at a surface impurity concentration 

60 of between 1X 10 20 and 1X10" atoms per 
cm 3 to a depth of about 1.5 microns. 

Windows 28 and 29 are then opened in 
oxide layer 25 to expose surface portions of 
layers 24 and major surface 21, respectively, 

65 an d provide ohmic contact to the base and 


collector regions, respectively, of the transistor. 
These windows are preferably opened by 
standard photolithographic and etching 
techniques. 

Metal contacts 30, 31 and 32 are simul- 70 
taneously formed to make ohmic contacts to 
the emitter, base and collector regions, respec- 
tively, of the transistors. This is accomplished 
by vaporizing aluminium or some other suit- 
able metal over the structure to close windows 75 
26, 28 and 29 and form a continuous metal 
layer over oxide layer 25. A " negative " mask 
with a standard photolithographic technique 
and an appropriate etchant such as 10% 
sodium hydroxide solution are used to remove 80 
the metal layer from everywhere but in and 
adjacent to closed windows 26, 28 and 29. 
The metal in the windows is then alloyed 
with the silicon by heating the body 20 to 
make low resistance ohmic contacts. 85 

A series of NPN transistors are thus formed 
in a hybrid integrated circuit. 

Referring to Figure 11, similarly a series 
of low power NPN transistors are formed in 
a thin-film integrated circuit. A sapphire sub- 90 
strate 33 is provided with major surface 34 
in a (1102) crystallographic orientation. 
Silicon layer 35 is then epitaxially grown on 
surface 34 to a depth of about 3 microns 
using pyrolysis of monosilane-hydrogen carrier 95 
gas system at a rate of about 2 to 3 microns 
per minute to reduce autodoping. Layer 35 is 
thereafter N-doped with phosphorus to an 
impurity concentration of about 1 X 10 21 
atoms per cm 1 by standard diffusion 100 
techniques. Preferably, a constant diffusion 
source of phosphine (PH 3 ) is used in an 
open rube system to diffuse phosphorus into 
the layer 35. 

Subsequently the transistors are formed on 105 
the heavily N-doped silicon layer 35 as de- 
scribed above in connection with Figure 10, 
except for the thickness of the layers. N- 
doped silicon layer 22' is about 1.5 microns 
in thickness, P-doped silicon layer 24' is 0.8 HO 
microns in thickness and emitter region 27' 
is 0.4 microns in thickness. For convenience, 
prime numbers are used to designate the 
corresponding components as above de- 
scribed. 115 

Referring to Figure 12, a series of NPN 
transistors in a thin-film integrated circuit 
similar to that shown in Figure 11 is shown. 
The structure is identical except that the 
emitter 27" is epitaxially grown on silicon 120 
layer 24" instead of diffused into it. Prefer- 
ably emitter 27" is grown by selective epitaxy 
through a window 26" in the oxide layer, see 
Rai-Choudhury and Schroder, J. Electro- 
chem Soc.: Solid State Science, 118, 107 125 
(1971). Alternatively, emitter 27" may be 
made by epitaxially growing a non-localized 
layer on layer 24" and subsequently selectively 
etching islands as shown before selectively 
etching layer 22" and 24". 130 
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Referring to Figures 13 and 14, the impurity 
concentration distribution and gain of the 
power transistor shown in Figure 10 are 
shown. In Figure 13, curves A, B and C show 

.5 the impurity concentrations of the collector, 
base and emitter regions, respectively, of the 
transistor. In Figure 14, curve A shows the 
common emitter current gain of die transistor 
as a function of collector current. From Figure 

10 14, the minority carrier lifetime of the epi- 
taxially grown layer 24 is calculated to be 
approximately 100 microseconds. 

It can thus be seen from Figures 1 1 through 
14 that the present invention makes possible 

15 the use of bi-polar transistors in applications 
where long minority carrier lifetime or the 
equivalent, diffusion length, is a parameter of 
utmost importance. It opens up the applica- 
tions not only of bulk silicon transistors, but 

20 thin-film and particularly silicon-on-sapphire 
transistors. 

Referring to Figure 15, a complementary 
MOS transistor circuit suitable for a com- 
puter memory circuit is shown in a thin- film 

25 integrated circuit. Sapphire substrate 40 is 
provided with major surface 41 in the (1T02) 
crystallographic orientation. Silicon layer 42 
is epitaxially grown preferably by pyrolysis of 
monosilane (SirL.) in hydrogen carrier gas at 

30 about 1000° C. Layer 42 is epitaxially grown 
at about 2 to 3 microns per minute to a depth 
of about 3 microns. 

Silicon layer 42 is then heavily doped with 
phosphorus by standard diffusion techniques. 

35 For convenience, layer 42 is. preferably doped 
from a constant diffusion-source of phosphine 
gas in an open-tube system. The layer is pre- 
ferably doped to a surface impurity concen- 
tration of between 1 x 10 so and 1 x 10" atoms 

40 per cm 3 . 

Silicon layer 43 is then epitaxially grown 
and simultaneously lightly doped preferably 
by pyrolysis of monosilane in hydrogen gas as 
above described to form NN + junction at 44 

45 with layer 42. Layer 43 is doped N-type to 
an impurity concentration of about 5X10' 4 
atoms per cm' by continuous introduction pre- 
ferably of arsine (AsH,) into the epitaxy 
system from a constant source. Preferably, the 

50 epitaxy is at a high rate of, for example, 5 
microns per minute to reduce autodoping of 
layer 43 from layer 42. Layer 43 is prefer- 
ably grown to a depth of about 2 to 3 microns. 
Thereafter, layer 43 is selectively masked 

55 and etched to remove portions of the layer 
and form pairs of islands 45 and 46, as shown 
in Figure 15, for the MOS transistors. This 
is preferably performed by standard photo- 
lithographic techniques and a suitable etchant 

60 . such as potassium hydroxide, which is 
crystallographically sensitive, is used. 

Silicon dioxide layer 47 is then deposited 
over the exposed surfaces of layers 42 and 43 
to a depth of about 2500 Angstroms. This is 

65 preferably accomplished by vapor deposition 


at about 700° C. Oxide layer 47 is then re- 
moved from one of each pair of islands, e.g. 
island 45, making-up lighdy doped silicon layer 
43 to provide for selective diffusion. A suit- 
able P-type impurity such as boron is then 70 
diffused into the exposed islands 45 by 
standard diffusion techniques. Preferably a 
constant diffusion-source of diborane is used. 
Layer 43 at islands 45 is compensated and 
lighdy doped P-type to an impurity concen- 75 
tration of about 5X10" atoms per cm 3 . 

The exposed P-doped islands 45 in lighdy 
doped layer 43 are then covered by extend- 
ing oxide layer 47. Again this is - preferably 
done by vapor deposition at about 700° C. so 

Windows 48 and 49 are then opened in 
the oxide layer 47 at N-doped island 46 and 
heavily P-doped source and drain regions 50 
and 51 are diffused into the N-doped island 
46. This is preferably accomplished by 85 
standard photolithographic and diffusion 
techniques as above described. Preferably a 
constant diffusion-source of diborane is used 
in an open-tube system. Preferably the 
impurity concentration is about 5X10 1 ' atoms 90 
per cm 3 to ensure diffusion through to heavily 
N-doped layer 42 and to provide isolation of 
N-channel region 52. The impurity concentra- 
tion should be maintained as low as possible 
within limits of transistor operation to pro- 95 
vide as good an isolating PN junction with 
heavily N-doped layer 42 as possible and to 
ensure that source and drain regions 50 and 
51 do not penetrate heavily doped layer 42 
significandy. 100 

Windows 48 and 49 are then closed by ex- 
tension of oxide layer 47 as above described. 

Windows 53 and 54 are then opened in the 
P-doped islands 45 and heavily N-doped 
source and drain regions 55 and 56 are 105 
diffused into the P-doped islands 45 prefer- 
ably to a concentration of about 1 X 10'* 
atoms per cm 3 . This is again accomplished by 
standard photolithographic and diffusion 
techniques. Preferably a constant diffusion- 110 
source of phosphine is used in an open-tube 
technique. Care must, however, be taken to 
ensure that the source and drain regions 55 
and 56 do not penetrate layer 43 and short 
circuit the device. Good isolation of the P- 115 
channel region 57 is provided by reason of 
the previous indiscriminate diffusion of P-type 
impurity into island 45. 

Windows 48 and 49 are reopened, and 
window 58 opened to expose portions of 120 
heavily doped layer 42. This is again done by 
standard photolithographic and etching 
techniques. Preferably wells are also formed 
in oxide layer 47 by stopping the etching 
during the formation of the windows, remov- 125 
ing another portion of the photomask and 
continuing the etching process. 

Metal contacts 61, 62, 63, 64, 65 and 66 
are simultaneously formed to make ohmic 
contacts with layer 42 and source and drain 130 
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regions 50, 51, 55 and 56, and MOS contacts 
with channel regions 52 and 57. This is 
accomplished by vaporizing aluminium or 
some other suitable metal over the structure 
5 to close windows 48, 49, 53, 54 and 58 and 
the wells and form a continuous metal layer 
oyer oxide layer 47. A "negative" mask 
with a standard photolithographic technique 
and an appropriate etchant such as 10% 
10 sodium hydroxide solution are then used to 
remove the metal layer from everywhere but 
in and adjacent to the closed windows and 
wells. The metal in the windows is then alloyed 
with the silicon by heating the structure to 
15 make low resistance ohmic contacts. Note that 
the wells control the location and spacing of 
the MOS contacts from the channel regions. 

The thin-film silicon-on-sapphire device 
thus formed is a complementary MOS 
20 transistor circuit appropriate for operation in 
the enhancement mode. Contact 61 provides 
a reverse bias to the PN junctions with layer 
_ 42 to isolate the transistor. Contact 62 is 
common to the source regions 50 and 55 of 
25, the complementary transistors so that the 
circuit can operate in a " flip-flop " mode. 
The circuit can thus be used in the memory 
circuit of a computer. 
Referring to Figure 16, a similar comple- 
30 mentary MOS transistor circuit is shown. The 
difference is that the P+N-P+ transistor 
is replaced with a P+P-P+ transistor 
appropriate for operation in the deep-depletion 
enhancement mode. This is accomplished by 
35 doping lightly doped silicon layer 43' with a 
P-type impurity such as boron instead of 
phosphorus during its epitaxial growth to form 
a PN junction at 44' instead of an NN + 
junction. Preferably the impurity concentra- 
40 tion junction is maintained at about 1X10 13 
atoms per cm' to provide the high resistivity 
in the channel region appropriate for opera- 
tion in the deep-depletion enhancement mode. 
This device has the advantage of eliminating 
45 a number of the steps necessary in the making 
of the complementary MOS transistor circuit 
above described in connection with Figure 15. 
Further, it provides for better isolation of the 
circuit since no isolation PN junctions are 
50 required between the heavily doped source and 
drain region and the heavily doped layer 42'. 

The present invention is thus utilized in 
making complementary MOS transistor by 
silicon-on-sapphire which have much lower 
55 leakage current and in turn much lower power 
dissipation. Thus, computers with larger 
memory units can be made utilizing CMOS 
transistor circuits. 
Referring to Figure 17, an image sensing 
60 target for a high resolution television camera 
tube is made utilizing the present invention. 
Sapphire substrate 70 isjjrovided with a major 
surface 71 in the (1102) crystallographic 
orientation. Silicon layer 72 is then epitaxially 
65 grown on surface 71 preferably by- pyrolysis 


of monosilane in hydrogen carrier gas as be- 
fore described. The epitaxy is continued until 
layer 72 is of a depth of about 1 micron. 

Layer 72 is then heavily N-doped with 
phosphorus by a standard diffusion system. 70 
Preferably a constant diffusion source of 
phosphine in an open-tube system is used. 
The impurity concentration of layer 72 is thus 
between 1X10"" and 1X10" atoms per cm'. 

Silicon layer 73 is then epitaxially grown 75 
on layer 72 to a depth of about 5 to 10 
microns to form NN + junction 74 with layer 
72. Preferably, the epitaxy is again performed 
by pyrolysis of monosilane as above described. 
Simultaneously, layer 73 is lightly doped to 80 
about 5X10 14 atoms per cm 3 by introducing 
arsine (AsH,) or phosphine (PH S ) gas to 
the epitaxy system. 

Silicon dioxide layer 75 is then formed over 
silicon layer 73 to a depth of about 0.5 85 
microns. Preferably this is done by vapor de- 
position at about 700° C. 

Thereafter, micro-windows 76 are opened in 
the oxide layer 75. The windows are typically 
spaced on 12.5 to 20 micron centers in a 90 
checkerboard array with a window diameter 
of 6 to 10 microns. As many as 700,000 
windows can thus be formed in a 1.2X1.2 cm 2 
piece. Preferably windows are formed by use 
of the electron image projection system, see- 95 
United States Patent Specification No. 
3,713,911 and United Kingdom Patent 
Specifications Nos. 1,195,269 and 1,322,034. 

P-type impurity regions 77 are then 
formed in N-doped layer 73 by diffusion 100 
through windows 76 in oxide layer 75. This 
is preferably performed using standard open- 
tube diffusion techniques with a constant 
diffusion-source of diborane gas. Regions 77 
are preferably diffused to a depth of about 1 105 
micron. Tiny diodes are thereby formed in 
silicon layer 73. 

In operation, the diodes are made to face 
a scanning electron beam 78 as shown in 
Figure 17. And the heavily doped layer 72 HO 
is maintained at a positive potential relative 
to the cathode 79 by power source 80 to charge 
the surface down to equilibrium potential, re- 
verse biasing the diodes. Light or radiation 81 
of interest is incident from the substrate side 115 
causing charge storage in the diodes in the 
pattern and to the degree of the intensity of 
the light. The scanning electron beam 78 
converts the pattern of stored charge of the 
diodes to electrical input from the television 120 
camera tubes. 

The sensitivity of the image sensing target 
depends only on the ability of a minority 
carrier hole, created by electron-hole genera- 
tion by incident radiation within the field free 125 
heavily doped layer 72, to diffuse to the space 
charge region of the diode before recombina- 
tion. Once the minority carrier hole reaches 
the space charge region, it is swept into the 
P-doped region and is stored as a positive 130 
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charge. The probability of this occurrence is 
called the " collection efficiency." The hole 
collection efficiency is thus seen to be directly 
dependent on minority carrier difetime which 

5 must be in the microsecond range. 

The present invention thus provides an 
image sensing target of high resolution that 
is made by silicon-on-sapphire technology. 
This makes a much more durable image 

10 sensing target than previously available. Pre- 
viously such targets were made from self-sup- 
porting wafer of single crystal N-type silicon 
by etching the internal portion typically to a 
thickness of about 10 to 15 microns, see 

15 Gordon, Trans, of the Met. Soc. of AIME, 
245, 517, 522—23 (1969). Such devices 
were difficult to make, having a low quantium 
yield, and were sensitive to shock and vibra- 
tion during use. The present invention 

20 eliminates such difficulties and provides a 
simply made target which is shock and vibra- 
tion resistant. 

WHAT WE CLAIM IS:— 
1. A method of making a semiconductor 
25 device having a region with a relatively long 
minority carrier lifetime which method com- 
prises forming adjacent a major surface of a 
substrate a silicon layer heavily doped with an 
impurity of phosphorus or boron, the surface 
30 impurity concentration being greater than 
1X10" atoms per cm 3 ; and epitaxially grow- 


ing on at least portions of the heavily doped 
silicon layer a silicon layer relatively lightly 
doped with an impurity concentration less than 
about 1X10" atoms per cm 3 to form said 35 
region with a minority carrier lifetime of 
greater than 50 nanoseconds. 

2. A method according to claim 1, wherein 
the surface impurity concentration of the 
heavily doped silicon layer is greater than 40 
1 X 10 20 atoms per cm 3 . 

3. A method according to claim 1 or 2, 
wherein the heavily doped silicon layer is 
formed by first epitaxially growing a silicon 
layer on at least portions of an insulator sub- 45 
strate and subsequendy diffusing the impurity 
into at least portions of the epitaxially grown 
silicon layer. 

4. A method according to claim 3, wherein 

the insulator substrate is composed of sapphire. 50 

5. Semiconductor devices having a region 
with a minority carrier lifetime of greater 
than 50 nanoseconds when made by a method 
according to any of claims 1 to 4. 

6. Semiconductor devices having a region 55 
with a minority carrier lifetime of greater 
than 50 nanoseconds and substantially as de- 
scribed herein with particular reference to 
Figs. 1 to 9 or Figs. 10, 13 and 14 or Fig. 

11 or Fig. 12 or Fig. 15 or Fig. 16 or Fig. 60 
17 of the accompanying drawings. 

RONALD VAN BERLYN. 
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